The main cause of degradation in an unbalanced stand-alone doubly-fed induction generator (DFIG) system is negative sequence components that exist in the generated stator voltages. To eliminate these components, a hybrid current controller composed of a proportional-integral controller and a resonant regulator is developed in this paper. The proposed controller is applied to the rotor-side converter of a DFIG system for the purpose of compensating the negative stator voltage sequences. The proposed current controller is implemented in a single positive rotating reference frame and therefore the controller can directly regulate both the positive and negative sequence components without the need for sequential decomposition of the measured rotor currents. In terms of compensation capability and accuracy, simulations and experimental results demonstrated the excellent performance of the proposed control method when compared to conventional vector control schemes.
I. INTRODUCTION
In recent years, many variable-speed wind turbines for both grid-connected and stand-alone wind power generation systems have been developed based on doubly-fed induction generators (DFIG) [1] - [4] which offers several advantages when compared to other generator systems. These advantages include ease of speed control, decoupled active and reactive power capability, and an inverter rated at approximately 20-30% of the total system power.
The majority of DFIG studies have focused on symmetrical network voltage or balanced loads. However, in practical use, unexpected conditions such as network disturbances, unbalanced grid voltages and unbalanced loads exist. For such DFIG systems, if a voltage imbalance condition is not taken into account by the control system, the stator voltage could be highly unbalanced. Such a scenario creates heat on the stator windings and reduces the lifetime of the generator.
The analysis and operation of grid-connected DFIG systems under an unbalanced grid voltage have been widely investigated in the literature [5] - [8] . In order to eliminate the torque pulsation due to the presence of a negative sequence current, one control method based on a rotor-side converter (RSC) was outlined in [5] . In that study, a torque pulsation at twice the supply frequency was reduced by generating the required compensating rotor currents. In [6] , a detailed investigation of Tel: +82-52-259-2187, Fax: +82-52-259-2186, University of Ulsan * School of Electrical Engineering, University of Ulsan the impact of an unbalanced stator voltage on the pulsations of DFIG stator and rotor currents, torque, and stator active and reactive power was presented. The proposed control considerations were also performed on an RSC controller in which there was inadequate capability for reducing both torque and active power oscillations. To overcome this problem, the coordinated control of both the rotor-side and grid-side converters within a DFIG was proposed in [7] , [8] . Based on this improvement, the dynamic performance of DFIG systems can be significantly improved.
Besides taking into account a grid-connected DFIG system, the control and operation of a stand-alone or isolated DFIGbased wind energy system (shown in Fig. 1 ) was presented in [2] . For stand-alone DFIG applications, the system itself must regulate both the output voltage and frequency in a stable manner. One proposed compensation method was briefly introduced in [9] , where a stand-alone DFIG supplying an unbalanced load was considered. However, in [9] , there was no detailed explanation of the design for the current controller or the unbalanced voltage compensation method. In another paper by the same authors [10] , the modeling and control of a DFIG based on a grid-side converter (GSC) for unbalanced operation was investigated for both grid-connected and stand-alone applications. In [9] and [10] , dual synchronous rotating reference frames, called positive and negative rotating reference frames, were used for decomposing the positive and negative sequence components of current values. The main drawback of this approach was a considerable time delay due to the complicated calculations such as multiple frame transformations and decompositions, which led to errors with respect to the original signals. Furthermore, such a control scheme for a current controller requires a wide bandwidth in order to make it suitable for controlling both of the separate sequences.
Among the previously proposed current control strategies in the literature, proportional-integral (PI) controllers have been widely used in current controllers to compensate for errors because of their simplicity and effectiveness. However, PI controllers have certain limitations and drawbacks when used to accurately regulate AC reference currents due to their limited bandwidth. To remove these shortcomings, a resonant controller was introduced in [11] and [12] as an improved solution in term of the AC reference tracking performance in grid-connected converters. Due to the infinite gain at a selected resonant frequency, this controller is capable of completely eliminating the steady-state control error at that frequency.
In this paper, a new control strategy using a hybrid current controller (HCC) for the stand-alone DFIG system, developed by the authors in [13] , was proposed so as to enhance the compensation capability and to improve the dynamic performance. The proposed HCC, which is a combination of a PI controller and a resonant regulator, was constructed in a single positive rotating reference frame instead of the dual frames used in [6] - [8] . As a result, the proposed current controller can directly regulate both the positive and negative sequence components without the need for the sequential decomposition of the measured rotor currents, as in [9] , [10] . Consequently, the complexity of the calculations for the proposed control algorithm was simplified and therefore the control performance was significantly improved. The proposed control method was investigated solely with respect to the RSC of a DFIG control system in order to compensate for the generated stator voltage unbalances caused by unbalanced loads. In addition, the simulations and experimental setup were implemented under different unbalanced load conditions in order to verify the feasibility and effectiveness of the compensation method with the proposed control approach.
II. CONTROL OF A RSC WITH UNBALANCED LOADS
The control and operation of balanced stand-alone DFIG systems are described in [2] . In this section, an analysis was performed on a vector-controlled DFIG-based variablespeed wind energy system that supplied electrical energy to an unbalanced stand-alone load or isolated grid. Under this load operating condition, the stator voltage, current, torque, flux, and power included both positive and negative sequence components that caused fluctuations at twice the synchronous frequency. The following subsection will describe the control strategy used by a RSC to compensate for the unbalanced stator voltages. A method of calculating the reference rotor currents for the proposed current controller is also outlined.
A. Dynamic modeling of a RSC
The main purpose of a RSC is to control the stator voltage magnitude and frequency. In stand-alone operations, a DFIGbased wind energy system has to supply a constant voltage and frequency to the stator terminals irrespective of variations in rotor speed. The control system for a DFIG under an unbalanced load was developed based on a stator flux-oriented vector control strategy. Fig. 2 shows a vector diagram that represents the relationship between a stationary frame α s β s , a rotor frame α r , β r rotating with an angular speed ω r , a positive frame d q + rotating with an angular speed ω r , and a negative frame d q − rotating with an angular speed −ω s . The superscripts + and − represent positive and negative synchronous reference frames, respectively. The vector F denotes the values of the voltage, current, or flux in the stator flux-oriented reference frame.
Under an unbalanced load, the most convenient method for analyzing a DFIG model is to use a positive reference frame rotating at a speed of ω s and a negative reference frame rotating at a speed of −ω s . According to Fig. 2 , the relationship of a vector F between different frames is illustrated as follows:
In addition, the stator and rotor current, voltage, and flux vectors F can be expressed with their respective positive and negative sequences as: (2) where the subscripts + and − represent the positive and the negative sequence components, respectively.
An inspection of (2) reveals that the vector F in a positive rotating reference frame is the sum of both the DC and AC components at twice the synchronous frequency. The AC component is the main cause of the unbalance and fluctuation conditions in the machine. Taking into consideration the control variables in the RSC, the rotor voltage in the RSC can be expressed as:
where R r is the rotor resistance, L s is the stator inductance, L r is the rotor inductance, L m is the mutual inductance, λ + s denotes the stator flux in the dq + reference frame, σ represents the total leakage factor, and ω + sl = ω s − ω r is the slip speed in the positive reference frame.
A block diagram of a stand-alone DFIG with the proposed stator voltage compensation method is presented in Fig. 3 . The magnitude of the stator voltage is controlled directly with a given specific command value v * s by adding an external voltage control loop. The specific magnitude of the stator voltage is obtained from the positive sequence components of the measured voltage signals, given as:
In stand-alone DFIG applications, the magnetizing current i ms is supplied directly from the rotor side converter by a daxis rotor current. The equations used to express the dynamic response and the steady-state of the magnetizing current are:
where τ s = L s /R s and σ s = L s /L m − 1 are the electrical time constant of the stator circuit and the stator leakage factor, respectively.
As evident in (5), the induced stator voltage, which is controlled by the stator magnetizing current, can be directly regulated from the direct rotor current i When generating the reference value for the q-axis rotor current, it is important to force the stator flux to align on the d-axis positive rotating reference frame. As a result, the q-axis stator flux becomes zero and the q-axis rotor reference current is determined as:
Under unbalanced load operations, the stator voltage and current values in the positive rotating reference frame include both DC and AC values at double-frequency due to the presence of negative sequence components. In order to balance the generated stator voltage, the negative sequence components must be eliminated by applying a control algorithm in the RSC. The following sub-section explains this operation in more detail.
B. Generation of reference d-q rotor currents
A HCC is used to precisely track the reference rotor currents, which are determined based on the elimination of the negative sequence components of the stator voltage. The reference currents contain both DC and AC components. The DC components have been explained in (5) and (6) . The AC components are derived from the negative sequence components, which are added to the reference rotor currents to compensate for the unbalanced stator voltages. As shown in Fig. 3 , these values are the outputs of the two PI controllers. qr− , are obtained from the negative reference frame and are used to compensate for the generated stator output voltage unbalance. In order to use these components in a current controller in the positive synchronous reference frame, they are transformed into positive coordinates dq + using the angle 2θ s , given by:
Therefore, the dq + reference rotor currents for the proposed current controllers are the sum of the positive and negative sequence references, given by: 
C. Voltage unbalance factor
The effect of stator voltage unbalance under unbalanced load conditions can be severe on generators and power electronic converters, causing more losses and heating effects. To assess such adverse effects, the "true" voltage unbalance factor (UF) for three-phase sinusoidal voltage waveforms is presented in [15] . According to this, the UF is defined as:
where V + and V − are the modulus of the root mean square (RMS) of the positive and negative sequence components, respectively. These components are calculated based only on the RMS values of the line voltages (10), which are possible to measure.
Using this method, we consider the stator voltage unbalance due to the different types of unbalanced loads at the stator terminals, i.e., one phase and three phase unbalances. 
III. THE PROPOSED HCC USING A PI-R REGULATOR

A. Advantageous characteristics of the HCC
The use of a notch filter for the purpose of decomposing the positive and the negative sequence components of the control variable causes more time delays and increases the bandwidth of the controller. As a result, the proposed current controller was implemented in the positive rotating reference frame only. The decomposition process of the measured signals can be practically implemented by digital notch or low-pass filters. Under an unbalanced load condition, the control system for a DFIG must be precisely controlled during both the transient process and in the steady-state. Therefore, the use of a decomposing control signals in the current controllers significantly degrades system stability and efficiency.
To improve the accuracy of the control system, a HCC applied to the RSC of a DFIG was employed in this paper. One of the most important features of a resonant controller is that it is capable of sufficiently tracking the AC reference current and therefore, can eliminate the steady-state control variable errors at the chosen (resonant) frequencies. The s-domain open-loop transfer function of a PI-R current controller is defined as follows:
where K p is the proportional gain, K i is the integral gain, K R denotes the resonant gain, and ω 0 = 2ω s is the resonant frequency at which the synchronous frequency is f = 60 Hz. Fig. 5 describes the magnitude and phase characteristics of the open loop transfer functions for both the PI controller and the PI-R with respect to different values of the resonant gain K r . The large gain produced at the resonant frequency ensures that the steady-state errors in the rotor currents can be completely eliminated. Furthermore, the selection of resonant gain values determines the cross-over frequency and the dynamic response of the control system. As illustrated in Fig. 5 , a low K R gives a very narrow bandwidth, whereas a high K R leads to larger bandwidth. Shown in Fig. 6 are the bode-diagrams of the closed-loop transfer functions of the PI-R current controller when compared with a conventional PI controller. The gains used in both bode-diagrams are designed based on the Naslin polynomial technique, which is introduced in [14] . The specific gain values used in the experimental process are K p = 3, K i = 120, and K R = 1000. The design process of these gains is more clearly explained in the following sub-section. As shown in Fig. 6 , the proposed controller with a resonant controller provides accurate control with the characteristic of unity gain (0 dB) and minimum phase error at the resonant frequency. In this paper, the HCC using a PI-R was implemented in a single positive reference frame without a decomposition process for the measured current signals. Taking full advantage of this type of controller, the AC component existing in the control variable was effectively controlled using the R regulator.
B. Current controller design
A closed-loop current control scheme is described in Fig. 7 . In order to determine if the proposed controller could achieve zero steady-state control errors, an analytical investigation regarding its frequency response when operating in a closedloop system was employed. The closed-loop transfer function of the control scheme is given by:
Substituting s = j2ω s into (12), we can see that the frequency response of the closed-loop transfer function at twice the synchronous frequency is equal to 1, as computed in (13) . This means that good performance can be obtained from the control system with unity gains and zero phases.
It is concluded that the proposed controller can precisely track the current control variables with zero steady-state errors at a specific resonant frequency 2ω s , regardless of the effects of the generator parameters R r and σL r .
As mentioned above, the current controller design was implemented based on the Naslin polynomial technique and it was used to determine the controller gains. The characteristic polynomial of the closed-loop transfer function in (12) can be calculated as:
The parameters of the controller are computed based on the fourth-order Naslin polynomial as follows:
where α is the characteristic ratio and ω n is the Naslin frequency. From these quantities, matching the coefficients for (14) and (15) gives the controller gains to be used in the proposed current controller.
The characteristic ratio of the Naslin polynomial is generally chosen to be α = 2. Thus, the appropriate gains of the proposed current controller are obtained from (16).
The discrete transfer functions of both the PI and R controllers for digital implementation are presented below:
where z is the shift operator and T s is the sampling period.
C. Rotor voltage generation for the RSC
The reference rotor currents possess AC components. The errors between the reference and measured rotor currents are the inputs of the PI-R controller. The required control voltages that are to be applied to the converters are the outputs of the proposed current controller. The output rotor voltages are determined by:
In order to improve the decoupling between the d and q components of the rotor currents, the decoupling voltage 
Because the modulation index of a doubly-fed induction machine must be performed in a rotor-oriented frame, the outputs of the rotor current controller have to be transformed from a stator-flux orientation to a rotor reference frame. This is performed using a positive angle slip θ + sl in a positive reference frame.
IV. SIMULATIONS AND EXPERIMENTAL RESULTS
Simulations and experiments were carried out in order to verify the dynamic behavior of the proposed control method. The simulation was performed using PSIM software. The experimental platform was setup in a laboratory to implement the DFIG system and to verify the proposed control scheme. An overview of the experimental system is shown in Fig. 8 . The system consists of a 2.2 kW DFIG, rotated by a DC motor that is emulated as a prime mover with torque and speed control. The RSC is fed by an insulated-gate-bipolartransistor (IGBT)-based PWM inverter in which the switching frequency is 10kHz. The system was developed with a high performance DSP (TMS320F28335 by Texas Instruments). To test the dynamic performance of the proposed controller, the generator was operated under different loads. The line to the neutral stator voltage was controlled at about 145 V. The two types of unbalanced loads for the tests were 30Ω, 50Ω, 50Ω (type I) with a UF = 11% and 30Ω, 40Ω, 50Ω (type II) with a UF = 24%. Each load subset was connected to one of the three-phase stator terminals A, B, or C.
To verify the feasibility and effectiveness of the proposed current control technique, a series of experimental tests outlined in Figs. 9-13 was performed with a type I load. Fig.  9 shows the simulation results pertaining to the dynamic performance of the generated stator voltages, currents, and their negative sequence components when unbalanced loads are connected to the stator terminals. Operating under this proposed HCC to the RSC. As evident in the steady-state, the negative sequence components of the stator voltage v − dqs− are completely eliminated. Thus, the generated stator voltages become fully balanced and exhibit excellent performance. The experimental results obtained with the same conditions used in the simulation above are shown in Fig. 10 . Very good agreement is observed between the simulated and experimental results. It is clear that the stator voltages become balanced after applying the proposed compensation method to the RSC for the DFIG system. The steady state performance of the rotor currents is shown in Fig. 11 . The proposed compensation method is based on generating appropriate reference rotor currents composed of both positive sequence and injected negative sequence components, as described in (8) . Therefore, these rotor currents consist of both DC and AC components with a double synchronous frequency that gives adequate rotor current control for the elimination of an unbalanced condition in the stator voltages. The three-phase rotor currents are distorted as a result of the injected negative sequence component.
The dynamic response of the DFIG under operating conditions through the synchronous speed is presented in Fig. 12 . The rotor speed is changed from sub-synchronous to supersynchronous. Sufficient performance of the rotor currents and stator voltages are observed. As seen in Fig. 12 , during speed variation through the synchronous speed, the stator voltages are effectively controlled and compensated with good performance in terms of the compensation ability in the unbalanced condition.
It is important to compare the control performances and accuracies of a conventional PI controller and the proposed PI-R controller. For this test, both the PI controller and the proposed current controller PI-R were applied to the RSC. From Fig. 13 , it can be confirmed that the proposed control strategy gives more adequate and accurate control when compared to the traditional PI controller due to its limited control bandwidth. In Figs. 13(a) and 13(b) , the measured waveforms of the stator voltage, rotor current, and d-axis rotor current error are shown. In contrast, the conventional PI controller resulted in imprecise control due to insufficient control bandwidth. In order to test the efficiency of the current controller, both type I and II load conditions were implemented. As shown previously, all of the tests were implemented with respect to a type I unbalanced load. To verify the accuracy and robustness of the proposed current controller, the type II load condition was used in this test. Operating under this condition, the load in phase B was increased, and the system became threephase unbalanced. This implies that the effect of this load condition on the stator voltage imbalance is much greater than in the previous case. The proposed controller, however, is able to effectively satisfy the compensation requirement. Fig. 14 shows the waveforms of the stator current and stator voltage with the compensation method. In both cases, the three-phase output stator voltages of the DFIG are welltracked despite the influence of the different unbalanced load conditions connected to the generator.
V. CONCLUSIONS
In this paper, an improved control strategy based on a HCC was presented to enhance the dynamic performance of a stand-alone DFIG system under unbalanced load operating conditions. The complexity of the calculations in the control algorithm was simplified by removing the decomposition process for the measured rotor currents, and as a result, the control performance was significantly improved.
The operation of the proposed controller was shown to be quite satisfactory with various unbalanced loads. In addition, it is clear from the results that compensation for the unbalanced stator voltage of the DFIG is achieved with the proposed controller. An experimental comparison between PI and HCC controllers in regards to accuracy and robustness was also given to verify the performance of the proposed control strategy. This strategy is applicable to a variable-speed unbalanced stand-alone or a grid-connected DFIG-based wind system. The effectiveness of the proposed method has been proven through theoretical analysis, simulations, and experiments.
